We present the realisation of near-field spectroscopic measurements with fibre-tip-based scanning near-field microscopy. It allows the simultaneous acquisition of near-field images in a broad spectral range (400 nm to 1000 nm), thus recovering local spectroscopic information. This technique is essential in order to understand the resonant interaction of light with nanostructured material as the far-field and nearfield spectral response can differ significantly, e.g., in the case of plasmonic nanostructures. Several example applications of hyperspectral near-field imaging are given for visualisation of Bloch modes in plasmonic crystals and plasmon-assisted transmission through a slit.
Introduction
Scanning near-field optical microscopy (SNOM) is an important tool for modern nano-optical and nanophotonic studies allowing nanoscale field mapping around nanostructured materials and in micro-and nanoscale devices [1, 2] . Knowledge of local electromagnetic field distributions combined with a simultaneously acquired topography of the surface, as common in SNOM, is imperative to understand nanoscale light-matter interactions in various nanostructured material systems and nanolocal optical characterization of materials. Direct comparison of the electromagnetic field distribution and topography thus enables realistic association with model calculations.
In most cases SNOM measurements are restricted to wavelengths provided by available laser sources. At the same time, the studied objects may exhibit strongly resonant optical behavior, with optical properties crucially depending on the wavelength of the excitation light. These may be quantum dots, molecules, plasmonic and photonic nanostructures and metamaterials. Moreover, the resonant wavelength position may be strongly modified due to the electromagnetic interaction between the objects, so it is not always possible and straightforward to predict it even if the resonant optical properties of individual objects are known. In this case during SNOM measurements with a fixed illumination wavelength, the spectral behavior and resonant properties of the objects are completely hidden.
In the past, even if the spectral dependence of SNOM images has been studied, it was done in a sequential manner by recording several consecutive SNOM images obtained using a different illumination wavelength, or by sequentially taking a spectrum at a few specific points of the image [3] . This approach is very time consuming and suffers from system drifts as well as sample and tip deterioration from scan to scan as multiple images are required.
In order to overcome these difficulties and introduce real spectroscopic capabilities in scanning near-field optical microscopy we have developed a hyperspectral scanning near-field optical microscope capable of recording, simultaneously, multiple near-field images in 400-1000 nm spectral range during a single scan. This provides access to the near-field spectroscopic properties of nano-objects and enables direct comparison of the images obtained at different wavelengths under exactly the same sample and tip conditions and drift-free. In the following, we will describe the principles of the hyperspectral SNOM imaging and present several example applications of the instrument to imaging of plasmonic structures for which near-field spectroscopy is imperative for clarifying the underlying physical processes.
Experimental set up
The SNOM instrument used for hyperspectral imaging is based on metal coated optical fibre probes with a nano-aperture at the tip. This allows measurements in either illumination mode, when white light is sent through the SNOM probe or in collection mode when the probe is collecting the light after its interaction with the sample (Fig. 1) . The probe is mounted on a piezo-tube, for z-direction control, which is in turn mounted on a 2D piezo-stage to scan the probe in the x and y directions parallel to the sample surface. In the alternative configuration, the sample is mounted on the 2D piezo-stage and scanned with respect to the tip.
The tapping-mode distance regulation system is based on the quartz tuning fork to which the probe is attached [4] . A frequency generator is used to excite the tuning fork-fibre system at its resonance frequency, around 32.7 kHz (tuning forks dependent), and the current flowing through the tuning fork is monitored. As the probe is approached to the sample, the oscillations of the tuning fork are increasingly damped due to the dispersive surface forces acting on the tip of the probe. During scanning, this feedback signal is maintained at constant amplitude using the z-distance control, generating the topographic image.
SNOM probes are fabricated using pulled optical fibre which are then bent at around 90° ( Fig. 1 (b) ) enabling the implementation of tapping mode distance regulation. The SNOM probes used were made using telecom optical fibre with a 9 µm core. The fibre is first stretched in order to taper it at one end and is then bent at 90° by thermal heating using a fibre splicer. The fibre tip can be metal coated if desired. For the metal coated probes, gold is sputtered onto a rotating fibre tip; a nano-aperture is then formed by cutting the extremity of the probe at 90° using Focussed Ion Beam (FIB). Depending on the position where the SNOM probe is cut, apertures between 50 nm and 500 nm diameter can be reproducibly obtained. An example of such nano-aperture is shown on the SEM image in Fig. 1 (c) .
For near-field spectroscopy, coherent broadband light (400 nm to 1000 nm wavelength) from a supercontinuum laser source is used to illuminate the sample. The light from the laser is first injected into an endlessly monomode photonic crystal fiber in order to localize all the wavelengths in a single Gaussian spot. One can either illuminate the sample locally by coupling light into the SNOM probe with detection in the far field using a microscope objective or illuminate the sample from the far-field and detect the signal in the near-field via the SNOM probe. In either case, the detected light is spectrally separated by a spectrometer coupled to a high speed CCD. A full spectrum is acquired at each pixel of the SNOM image, therefore generating the multispectral near-field optical response of the sample. Each image is typically taken at a scan rate of 0.1 Hz (for one trace and retrace cycle) with 256 lines per image and 256 points per line. This means that each image contains 131072 pixels (counting the trace and retrace for one scan), and the same number of spectra are recorded. The acquisition time per pixel is approximately 20 ms which determines the integration time of the spectra. This time was experimentally fine tuned to compensate for the inaccuracy of the various synchronization devices. After image acquisition, each spectrum is normalized to the reference spectrum ( Fig. 1 (d) ) taking into account background signal level.
The resulting data set is usually processed to create a false movie describing the evolution of the near-field distribution on the surface of the sample as the wavelength changes. Each snap-shot of the movie corresponds to a near-field image at a given wavelength. Since all such images are acquired simultaneously during the same scan, they can be directly compared as there are no drifts or shifts between the individual images. One can also extract the local nearfield spectra at any point of the image if desired. As in conventional SNOM, the associated, simultaneously measured topographic image is readily available to compare with the optical images.
Application examples
In this section results are presented illustrating several highly relevant applications of nearfield spectroscopy in the field of nano-optics and plasmonics demonstrating the potential of the developed technique. These clearly show differences in the far-field and near-field spectral response of the plasmonic nanostructures illustrating that knowledge of near-field spectral behavior is imperative for interpreting the underlying physical mechanisms.
Imaging SPP Bloch modes in plasmonic crystals
Periodically nanostructured metal films or surfaces act as plasmonic crystals for surface plasmon polaritons (SPPs) in analogy to 2D photonic crystals [5] [6] [7] [8] [9] . The interaction of SPPs with a periodic structure leads to a modification of the SPP dispersion compared to an unstructured metal film, resulting in the formation of forbidden and allowed bands. In the latter, SPP Bloch modes are supported by the periodic structure. These modes determine the optical properties of structured metal films such as transmission, reflection and absorption. Usually, the optical properties of plasmonic crystals have been studied in the far-field by measuring their far-field transmission or reflection [5, 8] . The hyperspectral SNOM described above can be used to study the near-field transmission of the crystal and directly visualize the field distribution of the supported SPP Bloch modes. Initially, the Bloch modes of a SPP crystal (SPPC) consisting of a square array of circular holes were studied (Fig. 2) . The near-field spectra and the spatial variations of the near-field intensity at different wavelengths measured with the hyperspectral SNOM are presented as the false movie (Media 1). Snapshots taken from the movie for several wavelengths and near-field spectra at certain points on the SPPC are presented in Fig. 3 .
For wavelengths shorter than 500 nm, a grid like distribution of the field is observed with a period of 600 nm. The bright spots correspond to the direct transmission through the holes of the structure since, due to optical properties of Au, no SPPs are excited at those wavelengths. For longer wavelengths, the field distribution changes to lines perpendicular to the polarization of the incident light. Those are the expected Bloch modes of a square lattice arising from the 1st-order Bragg scattering of the SPP by the holes in the array in the Γ-X direction of the Brillouin zone [5, 8, 11] ; cf. Bloch modes around the band gaps 1.9-2.1 eV at k = 0 in Fig. 2 (c) . These are the SPP Bloch modes at the Au-air interface. Please note that due to the dominant sensitivity of the SNOM fiber probe to E x component of the electric field of the SPP mode [10] , the presented images reflect the |E x | 2 distribution, rather than total SPP intensity and thus have the period of the crystal lattice (Fig. 3 (k) ) [11] . When frequency is scanned across the band-gap, the field distribution of the Bloch modes existing at the opposite edges of the band-gap are shifted with respect to the elementary cells of the lattice having maxima between the holes or at the hole sites at different band edges (Fig. 3 (k) , cf also (d) and (g)) [5, 11] . One can also notice the complex field pattern (Fig. 3 (e), (f) ) where the contribution of the third mode become noticeable probably due to a slight non-perfect collimation of the illuminating light. The influence of the lowest Γ-M mode on the Ausubstrate interface and other interface modes are visible in Media 1, but their relative intensity is much smaller than that of the Au-air modes.
The observed near-field spectra at different points above the surface (Fig. 3 (j) ) show generally the same spectral features but their relative weight depends on the position above the surface, e.g., different transmission peaks are related to different SPP Bloch modes. The features due to the transmission directly through the holes are less pronounced, as should be expected, as well as are the glass-Au SPP modes. The near-field distributions mainly follow the Bloch mode pattern on the air-Au interface.
SPP Bloch mode refraction at the crystal boundary
Having visualized the SPP Bloch modes within the crystal, it is interesting to see their modifications near the crystal boundary. Strictly speaking, Bloch modes are defined for an infinite periodic structure. The influence of the finite-size crystal will be in the reflection and refraction of the modes on the crystal boundary where periodicity is broken [12, 13] . These processes result in the modification of the field distribution both within the crystal, due to the presence of additional interfering waves after reflection from the crystal boundary inside SPPC, as well as outside the crystal boundary, where smooth film SPPs can appear after the Bloch modes are refracted from the crystal onto the smooth surface.
The evolution of the near-field intensity distribution on the surface outside the crystal for varying incident light wavelengths is shown in Media 2. Snapshots of the movie at the selected wavelengths (Fig. 3 (g-i) ) show the SPP waves being launched from the plasmonic crystal boundaries onto the smooth gold film. As discussed above, the asymmetry in the interference pattern on Fig. 3 (g-i) arises from a slightly non-perfect collimation of the illuminating light. Once again we would like to stress that all those images are snapshots recovered from the same optical data file and were all acquired simultaneously. One can see that when smooth film SPP's are launched, the field intensity distribution above the structured area is changed in the same way as when crossing of the bandgap (Fig. 3 (c,e) ). This is related to the fact that the excitation conditions for smooth film SPPs coincides exactly with the bandgap of the SPP crystal [5, 13] .
Near-field spectroscopy of the transmission through a single slit
In the photo-detector industry, there is a great need to reduce the size of the active area of photodetectors without reducing their efficiency. This may be accomplished by employing light gathering structures, consisting of a one dimensional surface grating with a single central aperture or slit commonly termed a 'slit and grooves' structure [14, 15] . Such structures, when illuminated at the edge of the band-gap, couple the incident light to SPP Bloch modes which propagate towards the slit aperture and are transmitted through it. The transmitted light spectrum is determined by the dispersion of the grating and transmission of the slit [15] . The resulting far-field transmission exhibits highly selective wavelength dependence and is therefore ideally suited to investigation using hyperspectral SNOM imaging.
The structures were studied using the hyperspectral SNOM operating in illumination mode: incoming light is coupled into the optical fibre of the SNOM probe and the gold coated tip is used to locally illuminate each point of the structure in the near-field. Local illumination provides information on how each part of the structure contributes to the signal transmitted through the central slit (Media 3). Notwithstanding the transmission of the slit, a transmission maximum should be expected at the band edge of the periodic grooves where coupling to SPP's is most efficient (see section 3.1). This is confirmed by examining the transmitted light when only the slit is illuminated. The broad featureless nature of the spectrum demonstrates the absence of slit resonances in this spectral range, such as Fabry-Perot resonances or cut-off of the waveguided modes (Fig. 4  (e) ). When the grating is illuminated, a clear spectral dependence arises due to the light coupling into SPP modes on the grating, with the local maximum near the same wavelength as in the far-field transmission spectrum. This can be confirmed by the dependence of the transmission spectrum on the position of the illuminating probe. The further the tip from the slit, the more red-shifted the transmission peak due to the decrease of the propagation length of SPPs as the illuminating wavelength decreases, i.e., the further the tip from the slit, the smaller the contribution of shorter wavelengths since their propagation length is smaller. The role of the SPP excitation is also evident from the near-field distributions at different wavelengths corresponding to the different sides of the band-gaps of the grating (cf. Figure 4 (c) and (d)). When no SPPs are excited, at wavelengths below 550 nm, due to the optical properties of Au, only direct transmission through the slit is important (Fig. 4 (b) ).
Conclusions
We have described the implementation of near-field spectroscopic measurements using a SNOM set-up combined with white-light illumination and spectrally sensitive detection. It allows investigation of the spectral optical properties of the samples of interest at every point of the SNOM image therefore enabling reconstruction of resonant near-field optical properties of the object which can significantly differ from the far-field optical properties. The power of this approach has been demonstrated in several examples addressing different properties of plasmonic structures. Comparison of the near-and far-field spectral response and spectral dependence of the near-field distributions provide important insights into underlying physics and details of the interaction of light with nanostructured surfaces can be unambiguously identified.
